ABSTRACT Background: Clinical hypomagnesemia and experimental restriction of dietary magnesium increase cardiac arrhythmias. However, whether or not circulating or dietary magnesium at usual concentrations or intakes influences the risk of cardiovascular disease (CVD), including fatal ischemic heart disease (IHD), is unclear. Objective: We performed a systematic review and meta-analysis to investigate prospective associations of circulating and dietary magnesium with incidence of CVD, IHD, and fatal IHD. Design: Multiple literature databases were systematically searched without language restriction through May 2012. Inclusion decisions and data extraction were performed in duplicate. Linear dose-response associations were assessed by using random-effects meta-regression. Potential nonlinear associations were evaluated by using restricted cubic splines. 
INTRODUCTION
Observational and experimental studies have shown that magnesium can exert beneficial effects on the cardiovascular system by enhancing endothelium-dependent vasodilation, improving lipid metabolism, reducing inflammation, and inhibiting platelet function (1) . As a key electrolyte involved in regulation of cation flux across cardiomyocytes through direct binding and allosteric effects on potassium and calcium channels, magnesium is also required for normal cardiac electrophysiology (2) . Abnormally low circulating magnesium (hypomagnesemia, ,0.65 mmol/L) is a known risk factor for cardiac arrest (3) . Two small randomized, controlled, crossover interventions in healthy postmenopausal women showed that restriction of dietary magnesium to less than half (101-130 mg) of the Recommended Dietary Allowance (RDA) 4 induced atrial arrhythmias and supraventricular beats, which were relieved by magnesium supplementation (4, 5) . Severe dietary magnesium restriction also adversely affects oxidative metabolism, glucose homeostasis, and retention and excretion of other electrolytes (4) (5) (6) . Although marked reductions in magnesium concentrations or intakes produce adverse effects, whether cardiovascular disease (CVD) risk differs across the normal physiologic concentration range of circulating magnesium or dietary magnesium intake is unclear. A meta-analysis examining the associations of circulating magnesium with incident CVD and ischemic heart disease (IHD) across populations has not, to our knowledge, been previously performed. A 2005 pooled analysis of prospective cohorts found no significant association between dietary magnesium and IHD (RR: 0.87; 95% CI: 0.67, 1.10) (7); however, since that time, additional large prospective studies examining this relation have been conducted. Evaluation of both circulating and dietary magnesium is important, because circulating magnesium reflects not only diet but also gastrointestinal absorption and renal regulation, and circulating compared with dietary magnesium could differentially influence CVD risk (8) .
To investigate potential effects of circulating and dietary magnesium on CVD risk at usual physiologic ranges, we performed a systematic review and meta-analysis of prospective studies examining the associations of circulating magnesium and dietary magnesium with CVD, IHD, and fatal IHD. On the basis of available mechanistic evidence, we hypothesized that both circulating magnesium and dietary magnesium would be inversely associated with CVD and that associations would be strongest for fatal IHD.
METHODS

Search and screening
We followed Meta-analysis of Observational Studies in Epidemiology guidelines (9) during all stages of design, implementation, and reporting of this meta-analysis. We performed a systematic search for all prospective studies examining the association of circulating and/or dietary magnesium with CVD, IHD, or fatal IHD. Electronic searches of PubMed (http://www.ncbi.nlm.nih.gov/ pubmed), Ovid (EMBASE, AMED/AGRICOLA; http://gateway. ovid.com), the Cochrane Library (http://www.thecochranelibrary. com/view/0/index.html), Web of Knowledge (Biosis, Web of Science, ISI proceedings; http://wokinfo.com), Commonwealth Agricultural Bureau abstracts (http://www.cabdirect.org), CINAHL (http://www.ebscohost.com/academic/cinahl-plus-with-full-text/), Faculty of 1000 (http://f1000.com), and gray literature sources [Scirus (http://www.scirus.com/), the System for Information on Grey Literature in Europe (http://www.opengrey.eu/), and Epidemiology and Prevention/Nutrition, Physical Activity and Metabolism conference abstracts (http://my.americanheart.org/professional/ Sessions/EPINPAM/EPINPAM_UCM_316904_SubHomePage.jsp)] were conducted without language restriction from the earliest available online indexing year to May 2012. Key search terms included magnesium, CVD, heart disease, myocardial infarction, heart attack, sudden death, sudden cardiac death (SCD), IHD, ischemic heart disease, cohort, prospective, longitudinal, case-control, incident, and incidence; full search queries for each database are available on request. Non-English records were translated into English for assessment.
Eligibility criteria
All prospective studies (cohort, nested case-control) that provided a multivariate-adjusted effect estimate with an accompanying measure of uncertainty (CI, SE, or other data to calculate variance) for circulating or dietary magnesium and incident CVD, IHD, or IHD death (including SCD) were eligible for inclusion. CVD was defined as any CVD, including cardiovascular or IHD incidence or death, and stroke or angina as part of a broader composite CVD outcome. IHD was defined as IHD incidence or death. IHD death was defined as any fatal IHD, including SCD. We excluded studies reporting stroke as a distinct outcome, because a meta-analysis of dietary magnesium and stroke was recently published (10) . We also excluded studies that focused on children or that evaluated only drinking water magnesium or water hardness, dietary patterns/food groups, intracellular free magnesium, or extracellular ionized magnesium. Ionized magnesium studies were excluded because of the limited reliability of available estimates (11) . Because our focus was on magnesium exposure in the normal physiologic range, we excluded studies focused on populations with disturbed mineral homeostasis (eg, patients with chronic kidney disease or heart failure). Studies presenting only crude risk estimates, ecologic studies, case reports, cross-sectional studies, retrospective casecontrol studies, editorials/commentaries, letters, and reviews were not eligible. For any findings published only in abstract form, we contacted the authors to determine whether results were still considered valid. When multiple manuscripts with the same cohort were published (12, 13) , the analysis including the largest numbers of events was included.
Selection of articles
One investigator screened all identified titles and abstracts (n = 2303) for potential eligibility, including additional handsearching of citation lists of relevant review articles (Figure 1) . Among the 48 full-text articles reviewed independently and in duplicate by 2 investigators, 32 studies were excluded because of not being prospective (n = 14); not including the exposures or outcomes of interest (n = 9); focusing on a population sample with prevalent disease affecting mineral homeostasis (n = 6); reporting only crude estimates (n = 1); or being duplicate publications (n = 2). Details of these exclusions are presented as Supplemental material (see "Supplemental data" in the online issue). Citation lists and related citations in PubMed of all final included text articles were hand-searched for additional eligible studies; no new studies were identified. In sum, 16 prospective studies (7, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) met the inclusion criteria and were included in the meta-analysis.
Data extraction
Data were independently extracted in duplicate by 2 investigators with the use of a standardized electronic form (Microsoft Excel). Information on study design, location, follow-up, age, sex, BMI, race, baseline disease (CVD, kidney disease, diabetes mellitus), and use of multivitamins and magnesium supplements was recorded. For dietary magnesium, data on the assessment method used (food-frequency questionnaire, 24-h dietary recall, other) and whether the data were energy-adjusted (yes, no) were obtained; for circulating magnesium studies, data on the assessment method used (atomic absorption spectroscopy, colorimetric assays, other) and on the blood fraction (serum, plasma) were obtained. For each category of exposure, we extracted the median exposure level, the multivariate-adjusted risk estimate and its variance measure, the number of cases, and the number of participants (nested case-control) or person-years (cohorts). Risk estimates for exposures as continuous variables (n = 2 studies) were also extracted (16, 20) . If estimates for more than one multivariate model were presented, we extracted estimates with greatest adjustment for potential confounders without inclusion of potential time-varying mediators or covariates having high collinearity with magnesium (ie, dietary potassium). If the only available multivariable model presented included such variables, this was selected in preference to crude estimates or minimally adjusted models. For cohorts presenting multiple cardiovascular outcomes with shared cases, the outcome with the most cases was used for the pooled estimates for outcomes. Among 8 authors contacted for missing information (12, 16, 17, 20, 21, (23) (24) (25) , we received responses from 5 authors (12, 16, 18, 23, 24) who provided unpublished data on exposure categories (eg, exposure levels, number of cases) or covariates.
Whereas no standardized quality score for observational studies exists (9), we evaluated and scored studies independently and in duplicate on a 6-point scale based on guidelines adapted from (27) . The criteria (1 point each) included reporting of study participation, attrition, assessment of exposure and outcome, control of confounding, and appropriateness of the analysis for the study design. Points were summed for each study, and studies with quality scores of 0 to 3 were considered to be of lower quality, and of 4-6 of higher quality. Interrater reliability was reasonable (Cohen k 0.72).
Statistical analysis
To maximize all data for calculation of the pooled doseresponse, risk estimates were meta-analyzed with the use of the 2-step generalized least-squares trend estimation model (28) . This method constructs a covariance estimate for dose-specific log RRs within each study and then estimates the dose-response relation, accounting for between-and within-study variation. Study-specific log-linear dose-response slopes are calculated for each study based on category risk estimates, SE, median exposure, number of cases, person-years of follow-up (cohorts) or number of subjects (nested case-control studies). The study-specific risk estimates are then pooled with the use of inverse-variance weighted meta-analysis to derive an overall dose-response. For studies directly reporting risk estimates for continuous exposure, these data were used and added to the analysis at the second step.
Reported HRs and ORs were assumed to approximate RRs (29) . If median exposure levels in each category were not reported, values were imputed based on the reported range or obtained by direct author contact. Dose responses of circulating magnesium and dietary magnesium were standardized across studies to 0.2 mmol/L (0.486 mg/dL, 0.4 mEq/L) and 200 mg/d, respectively, based on unweighted median differences between the highest and lowest quartile category medians across all studies of 0.21 mmol/L for circulating magnesium and 190 mg/d for dietary magnesium; RRs for different increments can be calculated from our data. Nearly all studies of circulating magnesium used serum measures; the lone study using plasma (16) was pooled with these, because the serum and plasma magnesium reference ranges are similar.
Heterogeneity was quantified by using the I 2 statistic (30), with .30% considered at least moderate heterogeneity. The primary analysis used a random-effects model if I 2 .30%. Because random effects may overestimate the influence of small studies in the presence of heterogeneity, fixed-effects models were evaluated in secondary analyses. Prespecified sources of potential heterogeneity were explored by using meta-regression, with significance tested by the Wald test for a cross-product term (circulating or dietary magnesium multiplied by the potential source of heterogeneity , compared with $ median, unless otherwise noted). Sources included location (United States, other), design (cohort, nested case-control), length of follow-up, age, sex, BMI, dietary assessment method (24-h recall), circulating magnesium assessment method (atomic absorption spectroscopy, colorimetric assay), circulating magnesium fraction (serum, plasma), outcome (CVD, IHD) proportion of prevalent disease (baseline CVD, type 2 diabetes, kidney disease), and study quality score (0-3, 4-6). Power was insufficient to examine heterogeneity by using multivariable meta-regression. Publication bias was assessed by visual inspection of funnel plots and Egger's and Begg's tests (31, 32) . In the presence of potential publication bias, we used Duval and Tweedie's nonparametric "trim and fill" method, which estimates the number and effect estimates of hypothetically missing studies, to adjust the pooled estimates (33) . Potential nonlinear relations were examined by using restricted cubic spline models with 3 kn at the 25th, 50th, and 75th percentiles. All analyses were performed by using STATA 12 (StataCorp), with 2-tailed a = 0.05.
RESULTS
Study characteristics
The 16 identified studies provided 25 estimates of circulating or dietary magnesium and risk of CVD, including 313,041 individuals and 11,995 CVD, 7,534 IHD, and 2686 fatal IHD events ( Table 1) . Most studies used cohort designs; 3 estimates were derived from prospective nested case-control studies (16, 25) . Two studies provided data on both circulating and dietary magnesium (12, 16) .
Of the 9 studies examining circulating magnesium, 5 were from the United States and the remainder from Europe. Participants were predominately middle-aged at baseline, with a median BMI (in kg/m 2 ) across studies of 25.8; 8 of 9 cohorts included #10% patients with diabetes, 4 studies excluded participants with prevalent CVD at baseline, and none reported prevalent chronic kidney disease. Circulating magnesium distributions generally fell within the normal reference range [0.75-0.96 mmol/L (34)] or the wider range used in some laboratories (0.65-1.10 mmol/L) (35) . Studies used standard analytic approaches for circulating magnesium determination, atomic absorption spectroscopy, or colorimetric assays, with no record of hemolyzed samples or EDTA use.
Participants in the 9 studies evaluating dietary magnesium analyses were generally similar; most (8 of 9) excluded individuals with prevalent CVD at baseline. Dietary magnesium was most often assessed by using validated food-frequency questionnaires. The median consumption level across all studies was 289 mg-lower than the RDA of 420 mg for men and 320 mg for women .30 y (36). Most studies did not report on potential contribution of multivitamins or supplements to magnesium intake; in 2 cohorts describing such use (15, 16) , ,14% of participants reported taking magnesium supplements, generally contributing ,100 mg total Mg/d in these participants (15) .
Most studies validated outcomes by using medical records, autopsy records, and/or endpoint committees, frequently classified by using International Classification of Diseases diagnosis coding (17-19, 21, 24-26) . The degree of covariate adjustment varied, with about half of studies adjusting for both sociodemographic and lifestyle variables including age, sex, race, BMI, waist circumference, smoking, alcohol, and physical activity (7, 12, 14-16, 18, 19, 21, 23) . Overall, most of the studies (15 of 16) were judged to be of high quality (quality score: 4-6).
Circulating magnesium
Nine studies provided 11 estimates of circulating magnesium and incident CVD, comprising 4106 CVD, 3215 IHD, and 1528 fatal IHD events.
CVD
Circulating magnesium (per 0.2 mmol/L increment) was associated with a 30% lower risk of CVD (RR: 0.70; 95% CI: 0.56, 0.88; Figure 2 , top), with evidence of moderate between-study heterogeneity (I 2 = 49.5%). Findings were similar in secondary analyses by using fixed-effects models. In a meta-regression, study location, percentage baseline CVD, and event type (incidence compared with death) significantly modified the association between circulating magnesium and CVD (P-heterogeneity = 0.04, 0.02, and 0.02, respectively). A stronger association with lower risk was observed in non-US countries, in studies including some participants with prevalent CVD, and in studies evaluating death rather than incidence as an event type ( Table 2) . In a post hoc subgroup analysis, no significant difference by diuretic use was observed (P = 0.84).
IHD
Five studies evaluated circulating magnesium and IHD. Circulating magnesium was not significantly associated with IHD (RR: 0.83; 95% CI: 0.65, 1.05; I 2 = 49.5%) ( Figure 2 ; middle); findings were similar in secondary analyses with the use of fixed-effects models (RR: 0.88; 95% CI = 0.76, 1.02). No significant sources of between-study heterogeneity were identified, although a trend was seen toward a stronger association with lower risk in studies with mostly ($50%) female participants (P-heterogeneity = 0.06).
Fatal IHD
Four studies comprising 27,293 unique individuals and 1528 cases evaluated circulating magnesium and fatal IHD. A trend toward lower risk was evident (RR: 0.61; 95% CI: 0.37, 1.00), with substantial between-study heterogeneity (I 2 = 80.2%) (Figure 2 ; bottom). In secondary analyses using fixed effects, circulating magnesium was associated with a significantly lower risk of fatal IHD (RR: 0.77; 95% CI: 0.64, 0.93). Meta-regression did not identify any statistically significant sources of heterogeneity, although statistical power to identify heterogeneity was MAGNESIUM AND CVD RISK: A META-ANALYSIS Prevalent CVD at baseline.
3
Dietary exposure was assessed by using FFQs or 24-h dietary recalls; circulating magnesium (serum or plasma) was assessed by using colorimetric assays (colorimetric) or AAS.
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The CM number indicates the revision number.
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The degree of covariate adjustment is indicated by + (sociodemographic variables), ++ (sociodemographic variables and other risk factors), and +++ (sociodemographic variables, other risk factors, and dietary variables). Circulating magnesium was inversely associated with non-white race, prevalence of hypertension, diabetes, use of diuretics, and other cardiovascular drugs, with weak positive correlations with dietary magnesium intake (r # 0.09) (15, 16) and serum potassium and calcium (r # 0.18) (20) and inconsistent associations with BMI, smoking, lipid profiles, and glomerular filtration rate in univariate analyses (13, 16, 20, 21, 24) . Two circulating magnesium studies provided estimates, including diabetes and hypertension as time-varying covariates (13, 16) ; models excluding these variables were used. Most dietary magnesium studies adjusted for intakes of other nutrients (12, 14-16, 19, 23, 26) , including potassium (12, (14) (15) (16) 26) . Few studies have reported the correlation between dietary magnesium and potassium, although r $ 0.91 was reported in references 20 and 26. Multivariate-adjusted estimates excluding dietary potassium were used; if the only available multivariable model presented included dietary potassium, it was selected in preference to crude estimates or minimally adjusted models. Dietary magnesium intake was also associated with intakes of energy, calcium, and fiber (r # 0.75), higher educational attainment, and greater physical activity and was inversely associated with BMI, hypertension, and diabetes in univariate analyses (7, 14-16, 19, 26) .
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Study quality was assessed by using 6 criteria (up to 1 point per criterion), including participation (1 point if key characteristics of source population were described, including record of sampling recruitment method, period and location of recruitment, or reference to previously published study detailing source population characteristics), attrition (1 point if participants/nonparticipants did not differ by key study characteristics), exposure determination (1 point if dietary magnesium was measured by using a validated dietary assessment method; for circulating magnesium, 1 point if measured by using a published AAS or colorimetric method, with absence of evidence of the potential for hemolyzed samples or EDTA chelation), validated outcome (lack of reliance on self-report/recall), control of confounding [0.5 points for inclusion of age, sex, race/field center (if multi-ethnic cohort), BMI, smoking, alcohol, physical activity; 0.5 points for adjustment of fiber in dietary magnesium models; 0.5 points for adjustment of diabetes at baseline in circulating magnesium models], and analysis (1 point if risk estimate determination and statistical approaches were appropriate for the study design). Scores were summed; studies with scores from 0 to 3 and 4 to 6 were considered to be of lower and higher quality, respectively. 
MAGNESIUM AND CVD RISK: A META-ANALYSIS
FIGURE 2. RR of CVD, IHD, and fatal IHD associated with a 0.2-mmol/L higher circulating magnesium concentration quantified by using generalized least-squares trend estimation and pooled by using a random-effects meta-analysis (n = 53,212). Circulating magnesium (per 0.2-mmol/L increment) was associated with a 30% lower risk of CVD (RR: 0.70; 95% CI: 0.56, 0.88 per 0.2 mmol/L) and a trend toward lower risks of IHD (RR: 0.83; 95% CI: 0.75, 1.05) and fatal IHD (RR: 0.61; 95% CI: 0.37, 1.00). CVD, cardiovascular disease; IHD, ischemic heart disease; ref, reference; SCD, sudden cardiac death.
TABLE 2
RRs (95% CIs) for dietary or circulating magnesium and incidence of CVD, IHD, and fatal IHD according to prespecified potential sources of heterogeneity (n = 313,041) limited given only 4 studies. In a post hoc analysis restricted to studies evaluating SCD, circulating magnesium was associated with a 57% lower risk (RR: 0.43; 95% CI: 0.28, 0.65), but this was based on only 2 studies with relatively few endpoints (n = 99; n = 264 cases) (13, 16) . A third cohort reported no significant association between serum magnesium and SCD (20) , but this study had very few cases (n = 29 cases) and did not provide a specific risk estimate in the manuscript nor after author request.
Dietary magnesium
Eleven studies provided 14 estimates of dietary magnesium and incident CVD, including 7889 CVD, 4319 IHD, and 1158 fatal IHD events.
CVD
Dietary magnesium (per 200-mg/d increment) was not significantly associated with total CVD (RR: 0.89; 95% CI: 0.75, 1.05; Figure 3 , top), with evidence for between-study heterogeneity (I 2 = 67.7%). In secondary analyses using fixed effects, dietary magnesium was significantly associated with a lower risk of CVD (RR: 0.87; 95% CI: 0.72, 0.89) (see Supplemental Figure S1 under "Supplemental data" in the online issue). No statistically significant sources of between-study heterogeneity were identified, but trends were seen toward stronger associations with lower risk among studies with lower median BMI (,25) (P-heterogeneity = 0.09) or evaluating IHD rather than CVD (P-heterogeneity = 0.07) ( Table 2) .
IHD
Dietary magnesium was associated with 22% lower risk of CHD (RR: 0.78; 95% CI: 0.67, 0.92; Figure 3 , middle), with moderate heterogeneity (I 2 = 44.1). The pooled estimate from a fixed-effects model was similar (RR: 0.80; 95% CI: 0.72, 0.89). Trends toward stronger associations in cohorts with more men (P-heterogeneity = 0.06) and studies evaluating fatal IHD death rather than total IHD (P-heterogeneity = 0.07) were observed ( Table 2) .
Fatal IHD
Dietary magnesium intake (per 200-mg/d increment) was not significantly associated with fatal IHD (RR: 0.73; 95% CI: 0.52, 1.03; Figure 3 , bottom) by using linear modeling; however, a significant nonlinear association was observed (Figure 4) . Betweenstudy heterogeneity was moderate (I 2 = 43.2%). In a secondary fixed-effects model, dietary magnesium was significantly associated with fatal IHD (RR: 0.77; 95% CI: 0.60, 0.98). Metaregression did not identify any statistically significant prespecified sources of heterogeneity, although the power to identify heterogeneity was limited given the number of studies.
Nonlinear associations
We found no evidence of nonlinear associations between circulating magnesium and CVD (P = 0.64), IHD (P = 0.42), or fatal IHD (P = 0.67) or between dietary magnesium and CVD (P = 0.56) or IHD (P = 0.26) (Figure 4 ). These findings suggest that pooling of dose-response estimates from linear trend estimation (generalized least-squares trend) for these exposures and outcomes was appropriate. In contrast, we identified RRs and 95% CIs for each study were quantified by using generalized least-squares trend estimation and pooled by using random-effects meta-analysis. AAS, atomic absorption spectrophotometry; CVD, cardiovascular disease; IHD, ischemic heart disease; NA, not available.
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Median values across the studies for participant characteristics were used to create binary categories. Prespecified sources of heterogeneity-including the method used to determine dietary magnesium (food-frequency questionnaire compared with 24-h recall), circulating magnesium fraction (serum compared with plasma), and quality score (0-3 compared with 4-6)-were not assessed because only one study quantified dietary magnesium with the use of a 24-h recall (14) , measured circulating magnesium in plasma (16), or obtained a quality score of 0 to 3 (17) . Kidney disease was also not assessed in the heterogeneity analyses, because disease prevalence was not reported in any study. 
Evaluation of publication bias
Egger's and Begg's tests suggested no evidence of publication bias for associations of circulating magnesium with CVD or fatal IHD (P . 0.05). Egger's test was significant for circulating magnesium and IHD (P = 0.01); meta-regression did not identify any statistically significant sources of heterogeneity for this outcome, but power was limited. Visual inspection of funnel plots showed asymmetry for the association of circulating magnesium with CVD (see Supplemental Figure S2 under "Supplemental data" in the online issue), explained by heterogeneity due to stronger associations (P = 0.02) in studies that included participants with prevalent CVD at baseline and that evaluated fatal IHD (see Supplemental Figure S3 under "Supplemental data" in the online issue). For dietary magnesium, no evidence of publication bias was seen for IHD or fatal IHD (P . 0.05). Egger's test was significant for dietary magnesium and CVD (P , 0.001), consistent with observed funnel plot asymmetry (see Supplemental Figure S4 under "Supplemental data" in the online issue). Duval and Tweedie's rank-based "trim and fill" method identified a "missing" small beneficial study. Addition of this hypothetical missing study (see Supplemental Figure S5 under "Supplemental data" in the online issue) did not appreciably alter the results, with a corrected pooled RR for dietary magnesium and CVD of 0.87 (95% CI: 0.74, 1.03) in comparison with the original pooled RR of 0.89 (95% CI: 0.75, 1.05).
DISCUSSION
This systematic review and meta-analysis identified significant associations of both circulating and dietary magnesium and risk of CVD events. Circulating magnesium (per 0.2-mmol/L increment) was associated with a 30% lower risk of CVD, with trends toward a lower risk of IHD and fatal IHD. Dietary magnesium was associated with a 22% lower risk of IHD and showed a nonlinear association with fatal IHD, with a 27% lower risk up to a threshold of w250 mg/d, compared with lower intakes. This investigation, which included a total of 313,041 individuals in whom 4106 CVD, 3215 IHD, and 1528 fatal IHD events were documented for circulating magnesium and 7889 CVD, 4319 IHD, and 1158 fatal IHD events for dietary magnesium, provides the most robust evidence to date of the associations between circulating and dietary magnesium across their usual physiologic ranges and CVD risk.
Circulating magnesium
Our finding of a significantly inverse association between circulating magnesium and incident CVD is supported by evidence from observational studies and small intervention trials showing that magnesium may improve vascular tone and endothelial function, reduce platelet aggregation, increase HDL, improve glucose homeostasis (1, 37) , and lower the risk of stroke (38, 39) . On the basis of the key role of magnesium in ion channel function and arrhythmias, we hypothesized that associations of circulating magnesium concentrations would be strongest for fatal IHD events. Consistent with this, we identified a trend toward a 39% lower risk of fatal IHD, and, in post hoc analyses, a 57% lower risk of SCD. Whereas the number of studies were limited for fatal IHD, these findings suggest that circulating magnesium may influence arrhythmic risk at concentrations above the clinically low range (hypomagnesemia, ,0.65 mmol/L) (3). Because observational studies cannot establish causality, randomized controlled trials are needed to test this hypothesis.
Our results also indicate a need to better understand the determinants of magnesium concentrations in blood. Circulating magnesium is under close homeostatic regulation, primarily through renal reabsorption and excretion (8) , although the determinants of variation within the normal physiologic range are not well understood. For example, genetic variations in single nucleotide polymorphisms may account for ,2% of the variance in serum magnesium concentrations (40) , and our understanding of the influence of endocrine factors on magnesium homeostasis is incomplete (41) . Circulating concentrations are responsive to supplementation and long-term changes in intakes (4, 5, 37) ; however, the correlation between dietary intake and circulating concentrations is low (12, 16) , which highlights the importance of other important regulatory and homeostatic mechanisms.
Dietary magnesium
Our meta-analysis of dietary magnesium and total IHD updates a previous pooled estimate published by Song et al in 2005 (7) by including estimates from the Japan Collaborative Cohort Study and Nurses' Health Study cohorts and, for the first time, reports on the association between dietary magnesium and total CVD and fatal IHD. Findings from 2 small randomized controlled trials showing development of arrhythmias at low dietary magnesium intakes (4, 5) are broadly consistent with our metaanalysis result of a significantly lower risk of fatal IHD up to a dietary magnesium intake threshold of w250 mg/d. In these trials, restriction of dietary magnesium in healthy postmenopausal to less than half (101-130 mg) of the RDA induced atrial arrhythmias and supraventricular beats. During the magnesiumrestriction phase, calcium, potassium, copper, and other nutrients were supplemented to determine the direct effect of low magnesium intake, and arrhythmias were relieved by provision of 200 mg Mg/d through supplementation.
Dietary magnesium was not significantly associated with CVD in our analysis, although a recent meta-analysis of prospective studies showed a modest significant inverse association between dietary magnesium and risk of stroke, particularly ischemic stroke (10) . Taken together, these results may suggest mechanistic pathways specific to stroke that are not captured in a more heterogeneous endpoint of CVD. Evidence from large prospective studies examining the association of dietary magnesium with incident hypertension have been inconsistent (42) , and additional experimental evidence is needed to elucidate the potential effects of inadequate magnesium intake, at usual consumption levels, on components of CVD risk.
Overall, our findings support the importance of adequate dietary magnesium for lowering IHD risk. Dietary magnesium intakes among most American adults are low; the estimated magnesium intake from food sources in 2005-2006 was 261 mg in women and 347 mg in men (43) , which is well below the RDA (320 mg for women and 420 mg for men). In elderly Americans (.70 y), 70% of men and 80% of women consume less than the Estimated Average Requirement for magnesium (43) . Because nearly all the dietary magnesium in the identified studies was from foods, our findings support recommendations to increase consumption of magnesium-rich foods rather than to take supplements. An increased consumption of magnesium-rich foods, such as whole grains, nuts, and vegetables (by 1 serving/d for whole grains and vegetables and by 2 servings/wk for nuts), has been estimated to lower the risk of cardiovascular mortality by 28% (44) .
Strengths
In the absence of any large randomized controlled trials to increase circulating magnesium concentrations or magnesium intake for the prevention of cardiovascular events, our data derived from a systematic search and meta-analysis of prospective studies provide the best available evidence of how circulating and dietary magnesium may influence CVD risk. Our comprehensive search methods and contacts with authors made it unlikely that any major published report was missed. By combining all available data across all categories of exposure in each study, we increased the validity of the dose-response estimates, maximized statistical power, and were able to evaluate potential nonlinear associations. We separately evaluated CVD, IHD, and fatal IHD, which mechanistically differ and on which magnesium may plausibly have different effects. We limited our analysis to prospective cohorts or case-control studies nested within such cohorts, which greatly limited the possibility of selection bias or recall bias. We also limited our analysis to studies that used established analytic methods for measuring circulating magnesium. Disease outcomes in these studies were typically classified by using standardized algorithms and detailed records, which reduced the likelihood of misclassified outcomes. The findings were generally consistent regardless of whether random effects or fixed models were used and in various sensitivity analyses accounting for potential publication bias.
Limitations
Our findings were constrained by the availability of published or unpublished data on magnesium-CVD associations. Although we contacted many authors to obtain potential unpublished risk estimates, none were recovered. For several outcomes, the number of separate studies were limited to examine heterogeneity. Misclassification, residual confounding, and reverse causation may bias observational studies. Dietary magnesium was assessed by using food-frequency questionnaires or 24-h dietary recalls, which do not capture magnesium intake from drinking water and thereby underestimate total magnesium intake. However, this source of nondifferential misclassification would likely attenuate findings toward the null and underestimate the magnitude of the true associations. Only a few circulating magnesium studies (16, 20, 24) adjusted for glomerular filtration rate; although most participants in these cohorts were generally healthy, unrecognized differences in renal function could be a source of residual confounding for circulating magnesium. Furthermore, because of the high correlation between dietary magnesium and dietary potassium in some studies (12, 26) , we cannot exclude the possibility of residual confounding by dietary potassium in our dietary magnesium analyses. The potential for reverse causation should be considered because circulating magnesium concentrations can be influenced by intake of specific medications that were not adjusted for in cohort analyses (eg, omeprazole) (45) . Finally, we did not examine associations of magnesium and stroke as a distinct outcome. Circulating and dietary magnesium in some ways represent relatively distinct exposures, given the homeostatic regulation of the former and their low intercorrelation; thus, the significant associations observed for both biomarker and dietary magnesium with cardiovascular outcomes was reassuring. Nonetheless, randomized trials are needed to definitively elucidate whether magnesium is causally related to CVD risk.
Conclusions
Circulating magnesium was significantly associated with a lower risk of CVD, with trends toward a lower risk of IHD and fatal IHD. Dietary magnesium was associated with a significantly lower risk of IHD and showed a nonlinear association with fatal IHD. Our findings support the importance of dietary recommendations to increase magnesium-rich foods, including whole grains, nuts/seeds, and vegetables, which are also good sources of other nutrients. Additional experimental studies and randomized trials are needed to elucidate the roles of circulating and dietary magnesium, at usual physiologic concentrations and intakes, on CVD risk.
